Introduction: Infrared thermography (IRT) is a non-invasive, non-contact procedure for skin surface temperature (SST) diagnostics and represents an effective, safe, and relatively cost-effective diagnosis tool for estimating the SST. While IRT has been established as a diagnosis tool in numerous medical areas of application, it is still in its initial stages as regards to sports science. We will therefore examine the extent to which IRT can be used for diagnosing the SST after a 10-minute warm-up phase. Method: 20 male sports students (23.0 ± 1.6 years; 75.8 ± 9.0 kg; 181.0 ± 6.8 cm) participated in this study. After a standardized preparation phase, the SST of the lower and upper extremities as well as the trunk was determined in a resting state. This was followed by a 10-minute warm-up phase on a bike ergometer set to 1.5 W/kg body weight and a cadence of 60-80 rpm. After the warm-up, the SST was determined again for the 1st to 10th minute of the post-strain phase. Results: The 10-minute warm-up resulted in a significant change in the SST over the time of measurement (P < 0.05; η 2 p = 0.16). Furthermore, a significant difference of the SST among the different areas of the body was identified (P < 0.05; η 2 p = 0.15). The interaction between the time and the area of measurement was also significant (P < 0.05; η 2 p = 0.16). The drop in SST from resting state to the first measurement after the 10-minute warm-up phase was 1.16°C and 3.7% in the trunk musculature. The temperature of the arm musculature dropped by 0.59°C (1.9%), while the temperature of the leg musculature decreased by 1.12°C (3.6%). Ten minutes after the warm-up, the SST of legs and arms was back at the initial state before the strain, but the trunk SST was still 0.74°C (2.3%) lower. Discussion: IRT shows a characteristic SST progression after muscular warm-up. Different SSTs occur depending on the body area, which needs to be considered for standardized warm-ups on the bike ergometer.
Introduction
Infrared thermography (IRT) is a non-invasive, non-contact tool for skin surface temperature (SST) diagnostics. As IRT is also an effective, safe, and relatively cost-effective diagnosis tool for estimating changes in the SST, IRT can be routinely used to quantify physiological changes and their functions in humans in a resting state and during movement (Hildebrandt, Zeilberger, Ring, and Raschner, 2012) . Furthermore, in compliance with measurement standards (Ring and Ammer, 2000; Ring et al., 2007) , IRT can provide information on inflammations and tissue overstrain in humans and animals (Turner, 2001) . In medical research, especially in cancer diagnostics, i.e., particularly in breast cancer diagnostics, IRT is the diagnosis tool of choice (Buzug, 2011; Ng, 2009) , and it is also used in rheumatology, dermatology, neurology, and orthopedics (Jiang et al., 2005) . In sports medicine, however, IRT has rarely been applied, Flourishing Creativity & Literacy which explains the scientific research demand in this area. Hildebrandt et al. (2012) reason that training and competition are associated with a high degree of stress for the organism, and that early identification of possible overstrains is a central concern of sports medicine. Also, early identification and localization of inflammations and overstrain are a key step in the selection of corresponding treatments.
In addition, the studies by Ferreira et al. (2008) , Merla, Mattei, Di Donato, and Romani (2010) , Vainer (2005) as well as Zontak, Sideman, Verbitsky, and Beyar (1998) show that IRT can be employed for the diagnosis and description of strain-related SST changes during and after athletic activity.
In all, compared to other application areas, IRT has not been used very often as a diagnosis tool in sports medicine and sports science. Therefore, corresponding findings are only rudimentary, and often confused (Hildebrandt et al., 2012) . Since the warm-up phase before athletic activity is said to lead to an increase of body temperature and metabolic rate (Casáis and Martínez, 2012) , the following is to examine the extent to which IRT can be used to diagnose the SST changes in the chest region after a 10-minute warm-up, and to estimate the effects of ergometer training on general vs. local muscular warming.
Materials and methods

Sample
A total of 20 healthy and experienced male students (mean ± standard deviation; age 23.0 ± 1.6 years; range 19-26 years; weight 75.8 ± 9.0 kg; height 181.0 ± 6.8 cm; body mass index 23.1 ± 1.8) participated in this study. All participants were thoroughly informed about the study design as well as the risks and possible benefits associated with the study, and provided written consent prior to participation. The students were familiar with all testing procedures. Participation was voluntary and did not involve any financial compensation. The study complied with ethical guidelines as outlined in the Declaration of Helsinki as well as with ethical standards (Harriss and Atkinson, 2011) . All testing sessions were conducted at the Sport Science Institute at the Saarland University.
Study procedure
Starting with a ten-minute acclimatization with naked upper body and sports shorts, the test persons were prepared for the data recording for the initial image (resting phase) of the skin surface temperature (Ring and Ammer, 2000) . First, the individual skin areas were defined by means of anatomic reference points using thermally inactive marker points (see figure 1 ). The test persons had to take an upright standing position that had been previously defined and standardized (Fröhlich, Ludwig, Kraus, and Felder, 2014) . The following areas were analyzed: trunk musculature including pectoral and abdominal muscles, arm musculature (left and right forearm muscles and left and right upper arm muscles), and leg musculature (left and right calf muscles and left and right thigh muscles).
After the preparation phase, the 10-minute warm-up phase started on a bike ergometer (Ergo-Fit GmbH and Co KG, Pirmasens, Germany) set to 1.5 W/kg body weight and a cadence of 60-80 rounds per minute. The test persons propped their hands and arms only lightly on the handlebar. After the warm-up, the test person resumed their defined standing position for the skin surface temperature analysis. When required, sweat was carefully dabbed off in order to avoid cooling by evaporation. For a duration of ten minutes after strain, the defined skin areas of trunk, arms, and legs were thermographically analyzed in one-minute intervals in an upright standing position (1-10th minute post-strain phase). Room temperature and humidity were controlled and kept constant for the individual persons (Ring and Ammer, 2000) . Possible disturbance variables, such as drafts caused by open windows, multiple active persons in the room, heating sources, etc. were eliminated.
Measurement methodology
The thermographic determination of the SST was performed using the infrared thermography system TVS 200 EX (NEC Avio Infrared Technologies Co., Ltd., Tokyo, Japan). The temperature resolution of the camera system was < 0.08°C (measurement range from -20°C to +500°C, spectral range 8-14 µm). The frame rate was set to 1/60, the effective number of pixels was 320 pixels horizontally and 240 pixels vertically, which is deemed adequate for thermographic diagnostics (Diakides, Diakides, Lupo, Paul, and Balcerak, 2012) . The evaluation and processing of thermographic data was performed using the software InfReC Analyzer NS9500 Lite 2.5 (NEC Avio Infrared Technologies Co., Ltd., Tokyo, Japan). The customary used software is a standard tool to calculate mean, minimum, and maximum SST in a defined area by averaging the detected temperature values.
In order to obtain representative measurements of the skin areas, the camera objective was aligned orthogonally to the measured skin areas and calibrated in a uniform way (Lahiri, Bagavathiappan, Jayakumar, and Philip, 2012; Ring and Ammer, 2000) . To allow a complete body shot, the distance to the test person was standardized at 3.70m. The skin measurement areas were standardized via anatomic landmarks that were identified in the thermography image via thermally inactive markers. These markers consisted of cork wafers with a diameter of 15mm, which were affixed to the body using skin-friendly double-sided adhesive tape. The skin measurement areas were specified individually using the test persons' anthropometrics in percent to the total area (figure 1). pectoralis major via InfReC Analyzer NS9500 Lite 2.5 software)
Statistical analysis
The measurement data was calculated using the statistics software IBM SPSS 20 (IBM, New York, USA (Cohen, 1969) . The Levene test was employed to check sphericity, and normal distribution was verified using the Kolmogorov-Smirnov adaptation test. An α-level of P < 0.05 was accepted as statistically significant.
Results
The ten-minute warming-up on the ergometer resulted in a significant change in the skin surface temperature over the times of measurement (P < 0.05; η 2 p = 0.16). A significant difference in the skin surface temperatures of the individual body areas analyzed was identified, as well (P < 0.05; η 2 p = 0.15). The interaction of time of measurement and measurement area analyzed was also significant (P < 0.05; η 2 p = 0.16). The 95% confidence intervals of the skin surface temperature were 30.8-31.0°C for the trunk musculature, 31.1-31.3°C for the arm musculature, and 30.7-30.9°C for the leg musculature. The drop in the skin surface temperature between resting phase and the first measurement after the 10-minute warm-up was 1.2°C or 3.7% for the trunk musculature analyzed. In the arm musculature, the temperature dropped by 0.6°C (1.9%), and by 1.1°C (3.6%) in the leg musculature. Ten minutes after the warm-up phase, the skin surface temperature of arms and legs reached the initial level from before the strain, while the trunk's skin surface temperature was still 0.7°C (2.3%) lower (figure 2). 
Discussion
After a general 10-minute warm-up on the bike ergometer, a specific drop in the skin surface temperature of the directly strained leg musculature and the indirectly strained trunk and arm musculature occurs. This matches the findings of the studies by Torii, Yamasaki, Sasaki, and Nakayama (1992) , Wenger (1986) , and Zontak et al. (1998) to a large extent. They had also recorded a characteristic progress of the skin surface temperature after various athletic activities. It is noticeable that the skin areas of the leg musculature most strained by the ergometer exercise showed the highest drop in temperature after the strain ended. In addition to vasoconstrictive effects, this is possibly due to evaporation-induced cooling (adiabatic cooling) through perspiration (Wenger, 1986) .
It is furthermore important to point out that a warm-up program mainly targeting local muscle strain resulted in thermoregulatory effects in basically all parts of the body. Presumably, the intensive heat production in the large-volume muscle groups of the thigh is responsible for this phenomenon, which might lead to cooling effects in the other parts of the body (Brück, 1986; Wenger, 1986) .
The large drop in skin surface temperature of the leg musculature involved can, however, also lead to the conclusion that the local heating effect of the deep muscle tissue due to the specific heating is probably high, as well. Therefore, the benefits of local warm-up procedures for general warm-up within the framework of preparing for an athletic training program should be discussed. Thus, cross trainer or rowing ergometer warm-up programs might be better suited for a general warm-up of multiple muscle groups and/or regions.
While the SST of legs and arms had reached the initial level again 10 minutes after local strain, the SST of the trunk was still 0.7°C lower. This could be interpreted as another indication for the blood redistribution in deeper body regions which were not directly strained (De Marées, 2003) . Moreover, the results lead to the conclusion that a 10-minute, local warm-up suffices to effect local, strain-induced blood circulation.
The results also serve as proof for the fact that IRT is able to quantitatively and qualitatively determine the primarily used muscle group by analyzing the SST changes occurring during athletic activities (Fröhlich et al., 2014) , which is assumed to be applicable for both endurance and strength-specific interventions (Hildebrandt et al., 2012 ).
In conclusion, thermography provides a non-contact and non-invasive procedure to represent muscle groups used in sports, whose visual imaging capabilities can be applied in sports didactics, as well. While the use of thermography is increasing in medical research (Jiang et al., 2005; Knobel, Guenther, and Rice, 2011; Lahiri et al., 2012; Ring and Ammer, 2012) , the research situation in a sports-specific context is still rudimentary (Merla et al., 2010) .
Conclusion
After a 10-minute warm-up on an ergometer, IRT showed a characteristic drop in SST with a subsequent continuous rise of the SST. Using IRT, an indirect redistribution of blood to deeper muscle structures caused by the warm-up has been proven. A 10-minute warm-up seems to be sufficient to bring about local, strain-induced blood circulation. Furthermore, infrared thermography (IRT) is a non-invasive, non-contact procedure for skin surface temperature (SST) diagnostics and represents an effective, safe, and relatively cost-effective diagnosis tool for estimating the SST in sport specific interventions.
